Background: The immune system plays an important role in cancer surveillance and therapy. Chemoradiation can cause severe treatmentrelated lymphopenia (TRL) (<500 cells/mm 3 ) that is associated with reduced survival. Materials and Methods: Data from 4 independent solid tumor studies on serial lymphocyte counts, prognostic factors, treatment, and survival were collected and analyzed. The data set included 297 patients with newly diagnosed malignant glioma (N=96), resected pancreatic cancer (N=53), unresectable pancreatic cancer (N=101), and non-small cell lung cancer (N=47). Results: Pretreatment lymphocyte counts were normal in 83% of the patient population, and no patient had severe baseline lymphopenia. Two months after initiating chemoradiation, 43% developed severe and persistent lymphopenia (P=.001). An increased risk for death was attributable to TRL in each cancer cohort (gliomas: hazard rate [HR], 1.8; 95% CI, 1.13-2.87; resected pancreas: HR, 2.2; 95% CI, 1.17-4.12; unresected pancreas: HR, 2.9; 95% CI, 1.53-5.42; and lung: HR, 1.7; 95% CI, 0.8-3.61) and in the entire study population regardless of pathologic findings (HR, 2.1; 95% CI, 1.54-2.78; P<.0001). Severe TRL was observed in more than 40% of patients 2 months after initiating chemoradiation, regardless of histology or chemotherapy regimen, and was independently associated with shorter survival from tumor progression. Conclusions: Increased attention and research should be focused on the cause, prevention, and reversal of this unintended consequence of cancer treatment that seems to be related to survival in patients with solid tumors. (J Natl Compr Canc Netw 2015;13:1225-1231 
with solid tumors and lymphoma who have comorbidities that cause immunosuppression (eg, HIV infection) or who have idiopathic decreases in the lymphocyte count at baseline have worse survival outcomes than those with entirely normal immune systems. [6] [7] [8] [9] In addition, cancer cells have been found to use a variety of strategies to induce host immunosuppression. [10] [11] [12] These and other related observations provided the justification for the extensive research efforts that have been focused on developing vaccines and other novel immunologic approaches to cancer therapy.
Severe postradiation lymphopenia was originally described in the 1960s and 1970s in patients with brain, uterine, breast, lung, and cervical cancers. [13] [14] [15] [16] [17] These observations were accompanied by concerns that this iatrogenic immunosuppression could interfere with the body's ability to identify and destroy tumor cells. 13, 18 However, until recently, the lymphopenia observed after antineoplastic therapy was not formally associated with 
Background
The immune system has long been thought to be important in the prevention and control of cancer. Pathologic studies have demonstrated that patients with certain common solid tumors (including breast, ovarian, and colorectal cancers) that have intense lymphocytic infiltrates have improved progression-free and overall survival compared with those who do not. [1] [2] [3] [4] [5] Patients inferior patient outcomes. 19 Consequently, comparatively little attention has been paid to pretreatment or posttreatment lymphocyte counts as a prognostic factor in patients with cancer, as evidenced by the fact that lymphopenia is not generally used as a stratification factor in clinical trials for any solid tumor.
The first formal association between treatmentrelated lymphopenia (TRL) and survival was reported in a prospective trial designed to assess the frequency, severity, duration, and consequences of TRL in patients with newly diagnosed high-grade gliomas. 20 These patients received 3 highly lymphotoxic therapies: radiation, glucocorticoids, and temozolomide. Forty percent of patients developed grade III/IV reductions in CD4 and total lymphocyte counts; this severe lymphopenia persisted for more than 1 year. Multivariate analysis revealed these significant reductions in CD4 counts at 2 months to be an independent predictor of survival. Recent reports in patients with other cancers, including non-small cell lung cancer (NSCLC) and unresected and resected pancreatic cancer, suggested that the association between TRL and survival might not be limited to high-grade gliomas. [21] [22] [23] As a result, we performed this analysis to summarize the association between TRL and survival using data from 4 studies involving 297 patients with newly diagnosed malignant gliomas, pancreatic cancer, and stage III NSCLC.
Materials and Methods
This study was approved by the Johns Hopkins Medicine Institutional Review Board.
Study Sample
This was a meta-analysis of 4 data sets with available complete primary data. One data set was prospective, whereas the others were retrospective. The prospective trial was conducted by the NIH-funded New Approaches to Brain Tumor Therapy Central Nervous System (CNS) Consortium. 24 The retrospective cohorts identified newly diagnosed patients with resected pancreatic cancer, unresectable pancreatic cancer, and stage III NSCLC who had been treated at Johns Hopkins Medicine institutions. [21] [22] [23] Each of these cohorts included only patients who (1) were previously untreated; (2) were 18 years of age or older; (3) had an ECOG performance status of 0 to 1; (4) received concurrent chemoradiation; (5) had pretreatment and monthly follow-up blood counts performed at a Johns Hopkins Medicine institution; and (6) had reliable survival data. In addition, the medical records from each patient were reviewed to acquire information on baseline prognostic factors known to be important for each tumor type and for details of their initial radiation and chemotherapy. Patients were excluded if they had received any prior chemotherapy or radiation.
Ascertainment of Baseline Measures and Follow-Up Events
The procedures used to obtain data on demographic characteristics, prognostic variables, laboratory results, opportunistic infections, and survival for each cohort have been previously reported. [20] [21] [22] [23] Pretreatment data were collected before the start of radiation in all patients, including those who received induction chemotherapy, and included a CBC, total lymphocyte counts (TLCs), ECOG performance status, and tumor stage. The total dose, number of fractions, and duration of radiation, and the details of the administered chemotherapy were recorded. In addition, CBCs and TLCs were recorded from blood counts obtained after completing combined radiation and chemotherapy, and monthly thereafter for a total of 12 months. Baseline TLCs were classified as normal (≥1000 cells/mm 3 ) or abnormal (<1000 cells/mm 3 ). After the initiation of antineoplastic treatment, the NCI's Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0 was used to classify the severity of TRL. For the purposes of this study, grade III/IV lymphopenia (<500 cells/mm 3 ) was considered severe. For patients with missing lymphocyte counts at 2 months, the TLCs at 1 month were used. Overall survival time was measured from the date of diagnosis to the date of death from any cause, and was used as the primary outcome measure in this study, because reliable data on other outcomes, such as progression-free survival, disease-specific survival, local control, and patterns of failure, were not uniformly available. Survival was censored if the subject was alive at the time of last follow-up.
Statistical Analysis
General statistical methods have been reported for each individual study cohort. [20] [21] [22] [23] Severe TRL was defined as grade III/IV lymphopenia (<500 cells/mm 3 ) at 2 months after initiating radiation for all study patients. Survival probability was estimated using the Kaplan-Meier method. 25 The CI of median survival time was constructed by the method of BrookmeyerCrowley. 26 The hazard of death attributable to TRL was estimated using proportional hazards regression modeling. 27 Heterogeneity among the adjusted hazard ratios (HRs) was determined using the Q, a Chisquare statistic, and the I 2 statistic. 28, 29 Severe heterogeneity was defined as a Q test at a significance level of P less than .05 and an I 2 value greater than 50%. The pooled HR with 95% CI was constructed using a fixed effects model. 30 All P values were reported as 2-sided, and all analyses were conducted using SAS software, version 9.2 (SAS Institute, Cary, NC). The test for heterogeneity was performed using Microsoft Office Excel 2007. 30 
Results

Baseline Characteristics of Patients
A total of 297 patients with newly diagnosed highgrade gliomas, pancreatic cancer, and lung cancer are included in this report. Details regarding the characteristics of each study cohort are provided in Table 1 . Baseline demographic information on these patients and details of the radiation, chemotherapy, and use of corticosteroids are also provided in Table 1 . The overall median age of the patients was 61 years (range, 28-85 years), and 75% of the patients were older than 55 years. Fifty-five percent were men, 85% were white, and 71% had a baseline ECOG performance status of zero.
Development of TRL
The median TLC for all patients before chemoradiation was 1481 cells/mm 3 (range, 331-5030 cells/ mm 3 ), with 83% having a baseline TLC of 1000 cells/mm 3 or greater (Table 2) . Two months after beginning radiation and chemotherapy, the median TLC decreased from a median of 1481 to 560 cells/ mm 3 (P<.001); 43% of patients developed grade III/ IV lymphopenia. The findings in each patient cohort are remarkably similar (Figure 1) . The rapid reduction in lymphocyte counts for the pooled population is graphically represented in Figure 2 , where it is also apparent that the median TLC remained less than 1000 cells/mm 3 for the entire 1-year observation period. Baseline demographics, tumor staging, laboratory values, and antineoplastic therapy received were similar in patients who did and did not develop severe lymphopenia 2 months after beginning chemoradiation. [20] [21] [22] [23] Notably, patients with stage III NSCLC who received neoadjuvant chemotherapy did not develop lymphopenia until they began treatment with radiation.
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Relationships Between Severe TRL and Overall Survival
In the pooled data set and in each individual study cohort, there was an association between severe TRL and shorter survival from tumor progression. Table 3 and Figure 3 present the differences in median survival based on posttreatment lymphocyte counts and univariate and multivariate associations between severe TRL and overall survival. Overall, 43% of the 297 patients developed severe TRL. The Kaplan-Meier survival curve comparing outcomes for those who did and did not develop severe TRL using the combined population from the 4 cohorts is presented in Figure 4 . The results of the test for heterogeneity among the adjusted HRs, Q=1.7 (P>.5) and I 2 =0%, indicate no significant heterogeneity among the HRs of the 4 individual study Figure 3 ).
Discussion
Although pretreatment lymphopenia has previously been identified as an important prognostic factor for patients with selected solid tumors, 9 the data presented in this manuscript conclusively demonstrate an association between TRL and survival in patients with a variety of different solid tumors. The patients included in the present analysis all received external beam radiation but were treated with variable chemotherapy regimens, and with and without the use of corticosteroids. When these and other clinical fac- tors were controlled for, a relationship between TRL and survival was observed, which appears to be independent of tumor histology, pretreatment prognostic factors (including the baseline lymphocyte count), use of dexamethasone, or the chemotherapy regimen administered. Furthermore, we showed that TRL is common, severe, and unexpectedly long-lasting. The single common denominator among the treatment regimens studied in this report is radiation. This is highlighted by our previous observation that lymphopenia did not develop in patients with NSCLC during neoadjuvant chemotherapy but occurred rapidly after the initiation of radiation therapy. 21 Lymphocytes are the most radiosensitive cells in the body, and in vitro studies suggest that the dose required to kill 50% of the population (D 50 ) of lymphocytes is approximately 1 Gy, and the D 90 is approximately 2 Gy. 31 Publications from the 1960s and 1970s noted the development of severe lymphopenia after radiation in patients with brain, breast, cervical, uterine, and lung cancers without the use of concurrent chemotherapy or glucocorticoids. 13, 14, 16, 17, 32 The radiation oncologists reporting these results expressed concerns that radiation-induced injury to the immune system could negatively affect patient outcomes, but no attempts were made to correlate posttreatment lymphopenia with survival. Nonetheless, accumulating data suggested that postradiation lymphopenia could result from the irradiation of circulating lymphocytes. For example, 94 patients awaiting renal transplant underwent extracorporeal irradiation of the peripheral blood using a cesium source embedded within a shielded dialysis unit in an attempt to induce immunosuppression; this radiation resulted in severe and prolonged lymphopenia.
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Additionally, brachytherapy using isotopes with very short path lengths, including radium-226 (range of emitted α particle in tissue, 50 mcm), iridium-192 (range of emitted α particle in tissue, 2.7 mm), and gold-198 (range of emitted α particle in tissue, 4 mm), has been shown to cause lymphopenia, with reductions of 30% to 50% in the circulating lymphocyte count. 34 In the same study, oral brachytherapy also was found to cause DNA lesions in circulating lymphocytes that are characteristic of radiation damage (eg, dicentrics and ring chromosomes) and could only have been caused by the irradiation of circulating blood. 34 Furthermore, we have performed computer modeling studies to calculate the radiation dose administered to circulating lymphocytes during external-beam radiation treatment. 30, 35 This work demonstrated that a typical radiation treatment for glioblastoma (6,000 cGy delivered in 30 fractions to Months of Follow-up a partial brain field) delivers a potentially toxic dose of radiation to 98% of the circulating lymphocytes. These data, taken together, strongly suggest that inadvertent radiation of circulating lymphocytes may play a prominent causative role in the development of severe TRL. These observations do not provide data regarding whether TRL is directly responsible for early tumor progression and death, or whether it is merely a "passenger" accompanying a currently unidentified causative factor that affects the immune system's response to both radiation and malignancies. This important question can best be addressed once strategies are identified to preserve or restore circulating lymphocyte populations during and after chemoradiation. Subsequent clinical trials can then be conducted that randomize patients receiving standard chemoradiation to interventions directed at increasing the circulating lymphocyte count in order to determine if survival improves when treatmentinduced lymphopenia is addressed. For example, approaches such as reinfusion of previously harvested circulating lymphocytes after therapy or the use of exogenous interleukin (IL)-7 could be tested to investigate whether boosting posttreatment lymphocyte counts is associated with an improvement in outcomes. Alternative radiation regimens, particularly hypofractionated treatments, stereotactic radiosurgery, and brachytherapy, could also be tested with the goal of administering "immune-sparing" radiation therapy. In addition, the results described in this manuscript do not provide information regarding which lymphocyte subtypes or related cytokines may be most important in this process, why lymphopenia even after radiation to non-marrow-bearing or nonlymphoid sites such as the brain is so profound and prolonged, and why IL-7 levels may be much lower than expected in these severely lymphopenic patients. 36 However, our findings strongly suggest that practicing clinicians and researchers should begin to focus on lymphocyte counts as a marker of immunologic status in patients with solid tumors treated with radiation and chemotherapy. An improved understanding of the immunology behind TRL is crucial to developing novel approaches to prevent inadvertent lymphocyte depletion and/or to restore lymphocytes; these interventions have the potential to improve survival in selected patients with relatively treatment-refractory solid tumors. 
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